Recent studies have investigated the photomechanical properties of carbon nanotubes which can be utilized to construct optical actuators. In this paper we compare the photomechanical response from single-wall and multi-wall carbon nanotube/polymer systems in multilayer and nanocomposite actuator constructions. Incorporating polymers in the actuators, single-wall and multi-wall nanotubes show similar photomechanical responses, which are directly related to prestrain and nanotube alignments. Nanotube/polymer multilayered actuators exhibit comparable actuation strokes to the nanocomposite counterparts, while enabling easier sample construction, intact polymer and nanotube properties, and compatibility to CMOS/MEMS processes. The photomechanical responses can be well understood based on affine modelling of photomechanical responses.
Introduction
Actuator materials have the ability to change their physical dimensions in response to external stimuli and transfer various forms of energy into mechanical work. Depending on their corresponding energy supplies, they can be classified into electrical, thermal, pneumatic and optical actuators [1] , which are essential for many practical applications of industrial importance. Compared to electrically driven actuators, optical actuation offers an alternative way to couple energy into actuator structures, which brings distinctive advantages such as wireless actuation, remote controllability, electromechanical decoupling, low noise, elimination of electrical circuits and higher-level integrity. In particular, when it comes to nanoscale applications, nanomechanical devices at the molecular level will most likely be powered by light or similar electromagnetic radiations [2, 3] . Unfortunately, there are only a few material systems exhibiting photomechanical properties. Materials undergo mechanical deformations in response to light due to the photostriction [4, 5] , polarization [6] [7] [8] , charge effect [9, 10] , optothermal transduction [11, 12] and radiative forces on microstructures [13] . Optical triggering of shape memory actuation was also reported for optical actuation [14] . However, these approaches may suffer either from the low actuation strokes, the need for special light sources, low speed, or from the lack of reversibility.
Recently, carbon nanotubes have been discovered to exhibit extraordinary photomechanical properties. By incorporating single-walled carbon nanotubes (SWCNTs) with an acrylic elastomer in the form of a multilayered structure, stable expansive actuation (0.3%) was obtained from the sample under light illumination, with actuation stroke large enough to manipulate macroscopic objects [15] . Subsequent studies have shown that the photomechanical actuation from SWCNT/polymer multilayer systems can be incorporated with microelectromechanical technologies to realize CNT-based micro-optomechanical systems (CNT-MOMS) [16, 17] . On the other hand, independent studies have revealed that when multi-wall carbon nanotubes (MWCNTs) were embedded in a polymer matrix in the form of nanocomposites, the nanocomposites experienced either contractive or expansive actuation determined by the nanotube alignments [18] [19] [20] [21] . These previous studies have shown the photomechanical properties of carbon nanotubes. However, they are difficult to measure and compare due to the differences in the nature of nanotubes (single-wall versus multi-wall) and their sample construction schemes. Do SWCNTs share similar photomechanical actuation properties with their multi-walled counterparts despite the difference in the number of walls? Are photomechanical responses in a carbon nanotube system 'universally' dependent on nanotube alignment? How do the sample configurations in terms of composite mixture or multilayered structure affect the optical actuation? Answering these questions would not only provide a better understanding of the photomechanical properties in carbon nanotubes, but also have a practical bearing on constructing carbon nanotubebased optical actuation systems.
In this research, the photomechanical responses of several sample configurations including (1) SWCNT/polymer multilayered structure, (2) MWCNT/polymer multilayered structure, (3) SWCNT-polymer nanocomposite and (4) MWCNTpolymer nanocomposite were studied for the dependence on sample prestrain and nanotube alignment. It was revealed that the photomechanical responses in SWCNT-polymer systems could be expansive or contractive depending on the system alignment, similar to that in MWCNT-polymer systems. Further, the multilayer configuration can be employed to construct optical actuators exhibiting comparable performance to the nanotube nanocomposite.
Experimental details
Both SWCNTs and MWCNTs were purchased from Nanolab Inc. (SWCNTs: diameter 1-1.5 nm, length > 10 μm and purity > 90%; MWCNTs: diameter 15-45 nm, length 5-20 μm and purity > 95%). To test the photomechanical behaviours of the nanotube/polymer systems, PDMS silicone elastomer obtained from Dow Corning (Sylgard 184) was used as the host polymer, which is in the form of a main compound with a separate hydrosilane curing agent as crosslinker. To make CNT-polymer composite mixtures, both SWCNTs and MWCNTs were mixed with the PDMS main compound at the weight ratio of ∼0.2% (CNT:PDMS) by shear mixing for 24 h. The cross-linker was subsequently added to the PDMS at a ratio of 1:10 as specified by Dow Corning. A short-time shear mixing of ∼3 min was then applied to uniformly blend the cross-linker in the host matrix, which was followed by ∼10 min vacuum degas. A 40 s standard spin coating process at ∼3000 rpm successfully produced a layer of composite on a glass substrate. Then high-temperature curing at ∼90
• C for 2 h was employed to finish the cross-linking process in the polymer [18] [19] [20] . We produced both SWCNT-PDMS composite films and MWCNT-PDMS composite films of ∼60 μm in thickness through the procedures. In the case of CNT/PDMS multilayer structures, pure PDMS polymer films were first produced by the above-described process. Both SWCNTs and MWCNTs were dispersed into isopropyl alcohol by ultrasonic agitation to produce uniform nanotube suspensions. To form CNT thin layers on the surfaces of the PDMS films, an air brushing process was used with success, and the thickness of CNT coatings was determined by the concentrations of the suspension and the time of airbrushing [22, 23] . Both SWCNT and MWCNT films of ∼350 nm in thickness were produced on the PDMS film surfaces.
An experimental set-up composed of a precise weight scale with resolution of ∼100 μg and a micrometer was used to characterize the photomechanical responses of all the samples [18] [19] [20] . The set-up is shown schematically in figure 1 ; it enables precise force (stress) and prestrain (sample length change) measurements. The sample was connected between the upper frame and a fixed-mass balance on the weight scale by two clamps. Prestrain of the samples was applied by tuning the position (height) of the upper frame through a fine screw. The amount of sample length change was recorded by the micrometer and the stress encountered by the sample was measured by the underlying weight scale (averaged by the cross section of samples). All data were transferred in real-time to a computer and processed in Labview software. A cold fibre light source was used to stimulate the samples.
Result and discussion
Optical actuator samples bearing the configurations of (1) SWCNT/PDMS/SWCNT multilayer structure; (2) MWCNT/PDMS/MWCNT multilayer structure; (3) SWCNT-PDMS composite and (4) MWCNT-PDMS composite have been produced. In order to balance the light-induced stresses through the multilayered samples, two CNT layers were used in samples (1) and (2) , which resulted in three-layer sandwich structures. The optical images of the transparent pristine PDMS film and the SWCNT/PDMS/SWCNT multilayered structure (sample (1)) are shown in figure 2. Optical images of samples (2)- (4) are visually similar to that in figure 2(b) . If the nanotube layers in sample (1) are examined under a scanning electron microscope (SEM), the highly entangled nature of the nanotubes is clearly seen; see the SEM image in figure 2(c). Such entanglement of carbon nanotubes causes the random arrangement of nanotubes without any preferred orientation, which is important in determining the photomechanical behaviour of the samples. In nanotube/polymer nanocomposites, an SEM was employed to check the dispersion of the nanotubes in the polymer host. While multi-wall nanotubes were found to be dispersed more uniformly in the polymer, single-wall tubes still formed micro-aggregates in the host. The effect of this poor dispersion will be discussed later in the paper.
When the samples were optically actuated, the most important observation was that all the samples followed very similar photomechanical stress patterns under various testing conditions. For both SWCNTs and MWCNTs and for both multilayered and composite structures, all samples exhibited the same trend of contraction under large prestrains and expansion under small prestrains. Further, this observed similarity across all the four samples occurred at all the light intensity levels being tested. A typical photomechanical response is shown in figure 3 with the SWCNT/PDMS multilayered structure as an example. As shown in this figure, photon-induced stress changes through the sample were recorded for five continuous illumination cycles with each cycle corresponding to different light intensities: 61, 49, 41, 28 and 21 mW cm −2 . At the same time, this cycled light stimulus was also repeated for the sample under various prestrain conditions: 3%, 5%, 7.5%, 9%, 15%, 20%, 25% and 30%, in order to test the effect of prestrain on the photomechanical responses. It was shown that for small prestrains, such as 3%, 5% and 7.5%, the stress in the sample decreased upon light illumination, and returned to its original value when the light was switched off, which happened for all the light intensity levels tested. The stress decrease under light illumination can be translated into an expansion of the sample along its longitudinal direction. In contrast, under large prestrains, such as 15%, 20%, 25% and 30%, the stress in the sample increased instead upon light illumination, and returned to its original value when light was switched off, which also happened for all the light intensity levels tested. In this case, the increase in stress under light illumination can be translated into a sample contraction [18, 19] . Such extraordinary photomechanical behaviours have not been reported in other material systems. This similarity across different nanotubes and also across different sample constructions is a good indication that the photomechanical effect might be an intrinsic behaviour of both SWCNTs and MWCNTs.
For better comparison of the effect of prestrains on the photomechanical response, the stress data under 61 mW cm −2 light illumination for different prestrain values were picked out from figure 3, from which the 'dark' stresses without illumination were further subtracted and re-plotted in figure 4(a). Figure 4 (a) better reflected the changes of stress upon illumination under different prestrain levels. It was clear that under illumination of same light intensity, the direction of actuation and also the stroke amplitude can be controlled by the amount of prestrain applied. For example, at light intensity of ∼60 mW cm −2 and ∼35% prestrain, a stress increase of ∼30 kPa resulted. When translated into a stroke, this corresponds to a strain of ∼1.2% in contraction when a value of Young's modulus of ∼2.8 MPa for the polymer was used. However, at an illumination level of ∼60 mW cm −2 but only 3% prestrain, a stress decrease of ∼10 kPa resulted, corresponding to a strain of ∼0.4% in expansion. When a prestrain value of ∼9% was applied to the same sample, only a small photomechanical response was observed with random actuation direction, which corresponded to the transition point from contraction to expansion.
From the experimental observations, we also found a clear dependence of photomechanical response on the illumination intensities. Figure 4 (b) depicts the changes of photon-induced stress as a function of the light intensity levels under various prestrain conditions; it shows the linear dependence of the photomechanical response with light intensity. Within the testing range, there was no saturation of photomechanical stress being observed, indicating that better actuation response could be acquired under even larger light stimulus levels. Samples including the MWCNT/PDMS multilayered structure, MWCNT-PDMS composite and SWCNT-PDMS composite were also tested under similar conditions and yielded similar photomechanical response patterns. We compare the photomechanical actuations from those samples We will first apply two-dimensional (2D) affine modelling to describe the optical actuation of nanotube/polymer multilayer actuators. To understand this affine model in two dimensions, a straightforward way is to image a 2D plane, in which many randomly oriented lines are embedded. If a uniaxial strain is imposed in a certain direction of this plane, then the affine deformations of the plane will subsequently change the orientations of individual lines. This can be visualized in figure 6(a) . A line u formerly in the direction θ is reoriented into a new direction θ after affine deformation of the plane under uniaxial stretching λ.
where ε is the extensional strain, and L 0 and L are the original and new sample lengths along the Z direction.
In the nanotube/polymer multilayer samples, the direct consequence of uniaxial stretching is the change of nanotube orientational order with nanotubes more aligned in Z direction. For randomly aligned nanotube layers, the normalized orientational probability distribution of nanotubes P(θ ) is a flat distribution of 1/π. After stretching, the nanotube distribution becomes
(2) Experimentally, the nanotube reorientation was clearly shown in the SEM image in figure 6(b) for the single-wall nanotube-PDMS interface under ∼60% prestrain. The director D, or the direction of stretching, is indicated in the image by the arrow. Previously randomly orientated nanotubes underwent significant orientation along the direction of prestrain. Although not all the nanotubes in the image were aligned due to the insufficient amount of stretching, the partial alignment of nanotubes would result in enough overall ordering to affect the photomechanical response of the interfaces.
To understand the photomechanical actuation of multilayered samples, we must first assume that individual nanotubes at the nanotube/polymer interfaces respond to photon absorption in essentially a contraction by a factor .
where L Light and L dark correspond to the nanotube end-end conformational length with and without light illumination, respectively. This is a reasonable assumption if we recall that better aligned nanotubes in samples under high prestrain exhibit contraction under illumination [18, 19] . Figure 7 (a) schematically shows the contraction of a nanotube along the axis in affine deformation. The contraction along the tube axis is accompanied by a simultaneous transverse expansion 1/ according to area conservation. This local anisotropic strain around individual nanotubes at the 2D interfaces can be expressed as
Each nanotube responds to light according to equation (4) , and the principal orientation is in different directions with respect to the prestrain direction. The macroscopic average of all the local strain effects will determine the overall photomechanical responses of the entire system. To evaluate the photomechanical actuation along the principal sample axis Z in which prestrain is applied, we project the local strains in this direction: The local contributions are then averaged throughout the nanotube/polymer interface with the probability distribution of nanotubes in equation (2) to give an estimate of the effective stroke of actuation.
Further simplification of this expression using first-order Taylor expansion results in-
where ε z is the macroscopic actuation strain, and ε is the amount of prestrain applied to the 2D system. It is very clear form equation (8) that, at very low prestrains (ε → 0), the average photomechanical actuation is positive, meaning expansive actuation. However, at high prestrain levels, the average deformation becomes contractive.
There is also a threshold point for prestrain ε * , where the overall macroscopic actuation is zero. In previous experimental characterizations the crossover value of prestrain are ∼9% for SWCNT/polymer multilayers and ∼10% for MWCNT/polymer multilayers. To match the experimental values, in the above 2D affine modelling of photomechanical actuation, the initially assumed contraction ratio of individual nanotubes must be ∼0.82 and ∼0.83 for multi-wall and singlewall nanotube samples, respectively, according to equation (8) . With the fitting parameter decided for the modelling, the theoretical results in equation (7) were plotted as shown in figure 7(b) , which reproduced the experimental results shown in figures 5(a) and (b), except that the later curves were plotted in photomechanical stress. Further, a three-dimensional affine model can be employed to explain the photomechanical responses in nanotube/polymer nanocomposite, which will not be explored here [18, 24] . The qualitative agreement between the experimental result and the affine modelling is a good indication that the theoretical model based on the statistical averaging of photon-induced nanotube contraction may have correctly captured the real microscopic physical events of photomechanical actuation. Thus, it can be established that numerous nanotubes exhibit contraction along their axial directions in response to light. As for the macroscopic expression of these numerous local microscopic events, the overall statistical averaging across the entire actuator structure will greatly depend on the orientational order of the local events, which may be either expansion or contraction under the right conditions.
It is worth pointing out the problems associated with the model here after its initial success in describing the optical actuation. First, this model cannot predict the dependence of photomechanical actuation on the illumination intensity, which is clearly shown in figure 5 . The local microscopic contraction of individual nanotubes must be strongly dependent on the light intensity = f (I Light ). Then the crossover point of prestrain must also depend on the intensity levels, as shown in equation (8) . However, experimental results only showed weak dependence of the crossover points on the intensity levels, as shown in figure 5 . Second, the amplitudes of the actuation stroke in experiments (−1.2% to 0.4%) are smaller than that predicted from the model (−3% to 1%), which means that the model overestimated the actuation strokes. In the model, the carbon nanotubes were treated as independent rigid rods or lines in the 2D plane. However, in reality the nanotubes are entangled together like soft ropes that interact with each other during actuation. The interactions may strongly affect the deformation, and thus the actuation of the entire structure. The polymer surface may not be fully covered by the nanotubes, and the thick polymer matrix serves to relax the actuation strokes so that the experimental values are smaller. Further improvement on the model will help to overcome the problems.
An important implication of the 2D affine model for photomechanical actuation is that individual carbon nanotubes undergo significant contraction in response to light [18, 19] . A contraction ratio of ∼0.82 reveals a contraction as large as 18% in the axial direction. Such large axial contraction most likely is not due to the tube lattice contraction, which is usually smaller than 6% [25, 26] , although a superlarge nanotube deformation of ∼280% has been reported recently in single-wall nanotubes under high temperature [27] . Fortunately, the contraction ratio here refers to the end-end distance of the nanotubes, so that large nanotube contortions and conformational changes can also contribute to the large contraction. The physical mechanisms causing the large tube contractions are not clear. However, several physical events may help to explain the large photoresponse of nanotubes. The global heating effect is unavoidable; however, is not the leading contributing mechanism [15, 18, 19] . Photon-induced carrier generation due to direct photon absorption or due to thermoelectric power effects and subsequent uneven charge redistribution in carbon nanotubes will result in electrostatic nanotube distortions [15, 28] .
Direct photomechanical deformations due to polaron generations may induce large lattice strain and most importantly conformational distortion of carbon nanotubes, which may also be a partial contributing : SWCNT/PDMS/SWCNT multilayered structure; : MWCNT/PDMS/MWCNT multilayered structure).
mechanism [29, 30] . Local thermal confinement results in an extreme thermal effect in the vicinity of the nanotubes, which breaks the thermodynamic equilibrium state around the nanotubes. It may affect the way the thermal energy contributes to the photomechanical actuation [20] . Nanoscale characterization of the photoresponse of single nanotubes will give more valuable information on the optical actuation mechanisms [3, 18] . For better comparison of photomechanical actuation, photon-induced stresses were plotted as a function of prestrain for all the four samples but under same illumination level of ∼61 mW cm −2 , as shown in figure 8 . In multilayered samples, it is clear that SWCNTs and MWCNTs showed similar photomechanical responses in terms of stress strokes. However, in the form of nanocomposite, the MWCNT nanocomposite showed at least twice the photomechanical response of that in the SWCNT counterpart. The performance difference can be partially attributed to the relatively poor dispersion of SWCNTs in the polymer matrix.
To disperse single-wall nanotubes well in polymers through pure mechanical approaches is still an unresolved problem. This is because of the difficulties of separating individual tubes from the tube bundles consisting of closely packed nanotubes, and at the same time, the bundles are entangled together. Further, the re-aggregations of separated tubes into bundles in the dispersion are also an important issue. To achieve better dispersion of single-wall tubes in the polymer matrix, chemical functionalization of the nanotube surface can be used instead of a pure mechanical mixing approach, however at the risk of changing the nanotube surface properties [31, 32] .
Another observation from figure 8 is that multilayered samples for both SWCNTs and MWCNTs offer better photomechanical performance than their nanocomposite counterparts (0.2% loading of nanotubes). It has been shown that increasing the carbon nanotube concentration in the low loading range (<2%) in nanocomposites would increase the photomechanical responses [18] . Therefore, it is expected that nanocomposites with higher nanotube loadings would show increased photomechanical responses compared to the multilayered structures. However, this is at the cost of increasing the nanotube consumption in producing optical actuators with similar performance. Further, compared to nanocomposite samples, multilayered structures offer several advantages. (1) Easy sample fabrication. A simple airbrushing of nanotubes onto a film of polymer is enough to produce a photomechanical actuator, which is important for producing large-area optical actuators of various shapes. (2) The multilayered approach provides the opportunity of retaining intact polymer structure and intact nanotube films, which is useful for applications needing original material properties from polymers or nanotubes. For example, in applications where nanotube layers are both the actuation mechanisms and electrical components, such as flexible electrodes, multilayer construction is obviously preferred. (3) Another advantage of multilayered construction is the compatibility with CMOS and MEMS processes that enables low-cost batch fabrication of optical actuators with configurable structures. This paper has pointed out the similarities of photomechanical actuation of single-wall and multi-wall nanotubes in nanotube/polymer actuators, which is critically dependent on the nanotube alignments of the systems. The practical implications of this work are the flexibilities and versatilities of constructing optical actuators based on the different types of nanotubes and different construction schemes. For example, the photomechanical actuation from nanotube/polymer multilayer structures can be incorporated with MEMS technologies to realize carbon nanotube-based micro-optomechanical systems (CNT-MOMS) [16, 17] . Nanotube/polymer composites can be employed as photoresponsive materials to make sensors based on optical principles. We believe that with further performance improvement, carbon nanotube-based photomechanical actuators could have many applications in various disciplines such as adaptive optics, all-optical networks, micro-(nano-) manipulation, micro-(nano-) robotics and micro-(nano-) sensors.
Conclusions
In summary, this study investigated the photomechanical responses of several samples from nanotube/polymer material systems including: (1) SWCNT-PDMS composite; (2) SWCNT/PDMS multilayer structure; (3) MWCNT-PDMS composite and (4) MWCNT/PDMS multilayer structure. All four samples showed structural expansion in response to light under small prestrains. Under large prestrains, they showed instead structural contraction in response to light. This shows the similarities of photomechanical actuation between SWNCTpolymer and MWCNT-polymer actuators. While multilayered structures showed comparable photomechanical performance to composite actuators for both SWCNTs and MWCNTs, they offer easier sample fabrication, intact polymer and nanotube properties and compatibility with CMOS and MEMS techniques. Affine models can be applied to describe the optical actuation in the nanotube/polymer optical actuators.
